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The present invention concerns devices for 
penetrating the soil, and In particular, though 
not exclusively, the beds of seas or lakes. 

The use of drilling rigs In reaching sub- 
terranean oil and gas deposits is of course well g 
known. Another very important aspect of soil 
penetration Is the use of penetrometers for 
driving shafts into soil or sea beds for the 
purpose of taking cores, driving piles or deter- 
mining bearing characteristics for foundations 
of structures such as oil rig platforms. It will be 
appreciated that drilling sea beds in virtually 
any depth of water is a difficult operation and 
the difficulties are multiplied many times when 
drilling under such adverse conditions as can be jg 
found in, for example, the North Sea. 

Present coring or pile driving devices depend 
on impulse mechanisms In which much of the 
impulse energy is wasted. In which driving 
momentum Is lost, and recovery allowed 20 
between blows In the medium being 
penetrated. 

Furthermore, present methods have diffi- 
culty in controlling penetration rates on which 
resistance is dependant, hence their efficiency 2s 
cannot be maximised. The control of pene- 
tration rates is extremely Important in penetro- 
meter measurements of the bearing properties 
of soils. 

Accordingly, the present invention has for an 30 
object to provide an extremely simple and 
rugged drilling apparatus, the penetration rate 
of which Is readily controllable. 

Thus, the present Invention consists in 
apparatus for driving piles Into soil comprising a 35 
linear electric motor consisting of a stator and a 
slider, the slider comprising a pile to be driven 
Into the soil. 

In the prior art Specification DE — ^A — 
2507676 merely suggests the use of electro- 40 
magnetic linear motors for pile driving. 

in order that the present Invention may be 
more readily understood, an embodiment 
thereof will now be described by way of 
example and with reference to the 45 
accompanying drawings, in which: 

Figures la, 16 and 1c are explanatory dia- 
grams relating to the basic principles of linear 
Induction motors (LIM), and 

Figure 2 Is a diagrammatic view of pile so 
driving apparatus constructed In accordance 
with the present invention. 

Referring now to the accompanying 
drawings Figures la, ^b and 1c show dia- 
grammatically the relationship between a rotary ss 
Induction motor and a linear induction motor, as 
the operation of a linear induction motor Is elec- 
trically similar to that of a rotary induction 
motor. 

Thus Figure la shows the stator 1 of a rotary 60 
induction motor with the alternate North and 
South poles of the motor marked N and S. 



Figure ^b shows the stator 1 cut along the line 
A — B and rolled flat, and Rgure 1c shows the 
flattened stator 1 rolled about an axis ortho- 
gonal to its original axis to provide the stator 10 
of the linear induction motor. In order to drive 
the linear motor, a suitable power source 
utilising, for example, a three-phase winding is 
used to activate the coils to create a travelling 
magnetic field running from one end to the 
other down the interior of the stator tube. This 
travelling field induces electrical currents in a 
slider runner or rod of ferromagnetic material 
located coaxiaily in the tube. These induced 
currants set up their own magnetic field which 
interacts with that provided by the stator, 
Imposing a force on the rod which attempts to 
follow the travelling magnetic wave down the 
tube. 

Figure 2 shows the application of the basic 
principle discussed above to a penetrometer for 
use on sea beds. 

The penetrometer comprises a metal frame 
30 which is, in operation, suspended from a 
suitably equipped vessel or rig by hawsers 31. 

The frame 30 is weighted at 33 to provide 
the reaction weight to the thrust generated by 
when a pile is driven into the sea bed. 

The thrust is generated by a stator 34 
comprising a plurality of solenoids or coils 35 
stacked vertically, each coil being separated at 
36 by magnetically permeable material, and the 
stacked colls being encased in a magnetic flux 
guide 37. The coils may be made from Luconex 
(RTD) heat-resistant enamelled copper strip. 
The slider comprises a pile 38 which is to be 
driven and runs vertically through the stator 34. 
The pile 38 is a steel rod which may be pro- 
vided with copper sheathing and which may 
also be hollow. 

A three-phase power supply and its 
associated control circuit for the LIM is carried 
on the vessel from which the penetrometer is 
suspended. The power supply and control is 
diagrammatically indicated at 40, and as will be 
apparent from the following will be a low 
frequency supply. This is because of the impor- 
tant characteristics of LIM's. There is a general 
set of machine equations employed to describe 
these characteristics, but these are well known 
and will not be considered here. In order to be 
applicable as a penetrometer a LIM operating at 
a low frequency with large slip will be 
considered. 

Slip is defined as 

s==. (1) 

V 

where V,y„ is the velocity down the stator of the 
travelling magnetic wave and V.^^ is the velo- 
city of the pile following down the tube in 



2 



0 024 207 



4 



response to the travelling magnetic wave. The 
magnetic wave sweeps lines of magnetic force 
through the pile. As this wave moves down the 
stator, it induces currents in the pile and 
produces from the pile a magnetic field The 
magnetic force on the pile is related to the 
magnitude of the currents induced in the pile by 
the travelling magnetic wave. The magnitude of 
these currents depends on the rate at which the 
magnetic lines of force sweep through the pile. 
As the speed of pile approaches that of V^^, the 
rate of change of lines of magnetic force falls 
off, hence so does the force on the pile. There- 
fore maximum thrust is obtained at high slip S. 

The speed of the pile, as well as its thrust is 
an additional design specification. As previously 
mentioned it is important to control speed. 
Speed is given by the equation 



where 



V..n=2fA 



(2) 



13) 
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f is frequency and A is pole pitch. 

For extremely slow speed as would be 
required for penetrometers, the above relation 
implies the pole pitch be as small as practical. 
This parameter is then fixed by machine geo- 30 
metry. The thrust, hence the slip, Is dependent 
on voltage for fixed geometry. Voltage is more 
difficult to control than frequency. In addition 
the ratio of mechanical power P„ to power 
applied to the pile is given by 35 
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Attempting to var/ slip to control velocity in 
maximum thrust conditions (e.g., close to 1) will 
cause large variations In power. Speed control 
in the present embodiment is thus managed 
through frequency control which can be 45 
obtained with satisfactory accuracy, even at low 
frequencies wherein phase angle can be 
monitored. 

In order to measure the speed of the pile, and 
thus its rate of penetration, a plurality of rivets so 
41 are mounted in the pile at regularly spaced 
intervals. These rivets 41 change the local 
reluctance of the rod and these changes are 
detected by a C-core 42 through which the rod 
also passes. The windings of the C-core 42 are 55 
capable of detecting variations in the focal 
reluctance of the pile regardless of the Inter- 
posing medium, e.g. sea water, or the surface 
condition of the rod with respect to dirt or 
corrosion. The local rate of variation In reluc- 60 
tance as measured by the C-core 42 is directly 
related to the speed of the rod and Is returned 
via a feedback control loop 43 to the power 
supply and control 40. It is to bo noted that 
rates of change and not actual values of reluc- 65 



tance are monitored, hence degradation 
through wear of the rivets does not adversely 
effect the information they give. 

All known linear induction motors to date 
have been designed to meet demands for high 
speed runners (rods) so that any section of 
these runners will spend very little time within 
the confines of the stator coils. Thus high speed 
runners pass through this heat generating 
section quickly and out Into ambient tempera- 
tures before much heating of the runner has 
taken place. However, for pile driving or drilling 
purposes the linear induction motor being 
described is to operate close to standstill condi- 
tions. There are thus two severe disadvantages 
with regard to heat generation. Any section of 
the runner within the stator remains within the 
stator for a considerable duration, e.g. tra- 
versing a stator of 1 m. in length at 1 cm/sec. 
implies a transit time of any section of the 
runner In the heat generating zone of '^1 00 sec 
or ^^1.7 min. This Is to be compared to transit 
times of less than a second for marketed UMS. 
Secondly, motor efficiency falls off rapidly near 
standstill operation, being of the order of only 
several percent for thrusts of interest here if the 
motor is driven at 50 hz. As discussed before, 
since induced losses in the runner are 
proportional to f^, excessive power losses in the 
runner may be decreased considerably by 
employing lower supply frequencies. However, 
at mains frequency, an efficiency of only several 
percent implies heat generation of the runner of 
'^^^00 Kw If the mechanical power is of the 
order of 1 Kw, (approximately 10 tons at a 
cm/sec). For small diameter radii, say 2.4 in., 
this represents a high power density, the 
removal of which (before melting or mechanical 
failure of the runner occurs) poses some 
technical concern. 

It has been discovered that this heating 
problem can be adequately met provided that a 
constant air-gap is maintained between the 
inner wall of the stator 34 and the pile being 
driven by the stator. Naturally, in the 
underwater conditions with which the present 
invention is particularly concerned, this "air- 
gap" will actually be filled with water. In fact, 
boiling of water in this air-gap will materially 
assist in removing unwanted heat. In order to 
ensure this gap does not become fouled with 
debris, the lower end of the stator 34 is closed 
by a mesh 44 through which the pile can pass. 
Furthermore, the stator 34 carries an Inverted 
core catcher indicated at 45 to scrape mud 
from the pile as it is withdrawn. 

The power supply and its control circuit 40 
may be arranged to allow a variety of modes of 
operation. Thus, It may generate an internally 
variable field gradient within the stator, each 
coil may be energised in turn in series to act as 
a solenoid, or the stator may be driven as a 
polyphase tubular induction motor. 

In the solenoid modes of operation, the pile 
should be of relatively high magnetic per- 
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meabllity material. In the tubular motor mode, 
the pile may be of low permeability with a 
highly conductive skin to act as an inductance 
driven secondary. 

It will be appreciated that the embodiment 5 
just described has the great advantage in that it 
has only one moving part, namely the pile 38. It 
will also be appreciated that, as In a drilling 
operation, it Is also possible to add additional 
lengths of pile as the pile is driven into the soli. 10 

The apparatus hereinbefore described may 
be employed to drive and/or extract piles, or for 
the purposes of taking soil samples or cores, or 
for drilling, and It is to be understood that the 
references to piles and to driving In the specif!- fs 
cation and appended claims are to be con- 
strued as encompassing all such alternatives. 

When the apparatus Is not used in an under- 
water environment, cooling of the LIM may be 
enhanced by the provision of a water Jacket by 20 
meana of which cooling water will be supplied 
at least to the air-gap between the stator and 
pile or equivalent 

The piles may be rotated or twisted, or sub- 
jected to a tumtng torque, during, or sub- 25 
sequent to, driving. Rotation may be achieved 
by adapting the stack of solenoids or coils 35 to 
generate a rotating magnetic field. One or a 
plurality of coils, for example alternate colls, 
may each be divided into, or replaced by, two or 30 
more coils or solenoids and associated pole 
pieces distributed In a circumferential direction 
around the pile axis, and connected to a power 
supply so as to produce a rotating field in a 
manner analogous to an induction motor. When 3s 
rotation of the pile Is not required, the colls of 
each circumferential array may be de-energised, 
or preferably connected to the power supply so 
as to generate a linearly travelling field in con- 
Junction with the other coils in the stack. 40 



Ctalms 

1. An apparatus for driving piles into soil, 4s 
comprising a linear electric motor consisting of 

a stator (34) and a slider (38), characterised in 
that the slider (38) comprises the pile to be 
driven Into the soli. 

2. Apparatus as claimed in claim 1, wherein so 
the stator (34) comprises a plurality of coaxially 
arranged coils (35) separated by magnetically 
permeable materia) (36) and encased In a 
magnetic ftux guide (37). 

3. Apparatus as claimed In claim 2, and 55 
including a 3-phasB power supply (40) for 
activating said coils (35). 

4. Apparatus as claimed in any of the pre- 
ceding claims, and including means (41, 42) for 
detecting the speed of the pile (38) as it passes eo 
through said stator (34). 

5. Apparatus as claimed In claim 4, wherein 
said speed-detecting means comprise a 
plurality of regularly spaced elements (41) in 

said pile (38) to cause local variations in the 65 



reluctance of the pile, and means (42) for detec- 
ting said local variations In reluctance. 

6. Apparatus as claimed in any preceding 
claim, including means to maintain a sub- 
stantially constant air-gap between the stator 
(34) and pile (38). 

7. Apparatus as claimed In claim 6, which is 
arranged and adapted to permit water to enter 
the air-gap for cooling purposes. 

8. Apparatus as claimed In claim 7, which 
comprises under-water pile driving apparatus, 
and includes means (31) to mount the 
apparatus from a vessel or rig, the apparatus 
being adapted to permit water in which this 
apparatus Is submerged to enter the air-gap 
between the stator (34) and pile (38) for cooling 
purposes. 

9. Apparatus as claimed in any preceding 
claim, including means (40) to energise the 
stator at a relatively low frequency, of the order 
of 50 hz. or less. 

PatentsprOche 

1. Vorrichtung zum EInrammen von Pffihien 
In den Boden mit einem elektrischen Linear- 
motor, der einen Stator (34) und einen Laufer 
(38) umfaBt. dadurch gekennzeichnet, daB der 
Lfiufer (38) den in den Boden zu rammenden 
Pfahl umfaBt. 

2. Vorrichtung nach Anspruch 1, be! welcher 
der Stator (34) mehrere koaxial angeordnete 
Spulen (35) umfaBt, die durch magnetisch per- 
meables Material (36) vonelnander getrennt 
und in einem MagnetfluB-Leiter (37) eingesch- 
lossen slnd. 

3. Vorrichtung nach Anspruch 2, bei welcher 
eine 3-Phasen-Stromquelle (40) zur Erregung 
der Spulen (35) vorgesehen ist. 

4. Vorrichtung nach einem der vorher- 
gehenden Anspruche, bel welcher Mittel (41, 
42) zur Feststeliung der Geschwindlgkeit vorge- 
sehen sind, mit welcher der Pfahl (38) durch 
den Stator (34) wandert. 

5. Vorrichtung nach Anspruch 4, bei welcher 
die Mittel zur Feststeliung der Geschwindlgkeit 
mehrere glelchmaBIg vonelnander beabstan- 
dete Elemente (41) im Pfahl (38) zur Erzeu- 
gung ortlicher Veranderungen der Reluktanz des 
Pfahles sowie Mittel (42) zur Feststeliung der 
drtlichen VerSnderungen der Reluktanz um- 
fassen. 

6. Von-ichtung nach einem der vorher- 
gehenden Ansprijche, bei welcher Mittel zur 
Aufrechterhaltung eines Im wesentlichen kon- 
stanten Luftspaltes zwischen dem Stator (34) 
und dem Pfahl (38) vorgesehen sind. 

7. Vorrichtung nach Anspruch 6, welche fur 
den Eintritt von Wasser In den Luftspalt zu Kuh- 
lungszwecken ausgeblldet und eingerichtet ist. 

8. Vorrichtung nach Anspruch 7, welche eine 
Unterwasser-Pfahl-Rammvorrlchtung umfaBt 
und bei wefcher Mittel (31) zur Installation der 
Vorrichtung von einem Schiff oder Bohrgerust 
aus vorgesehen sind, wobei die Vorrichtung so 
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ausgelegt ist, daf^ sie den Eintritt des Wassers, 
in welches sie eingetaucht Ist in den Luftspalt 
zwischen Stator (34) und Pfahi (38) zu Kuht- 
zwecken erlaubt. 

9. Vorrlchtung nach einem der vorherge- 
henden AnsprQche, bef welcher Mine! (40) zur 
Erregung des Stators mit einer relativ niedrlgen 
Frequenz in der Grdl^enordnung yon 50 Hz oder 
weniger vorgesehen sind. 

Revendications 

1 . Dispositif pour enfoncer des pieux dans te 
sol comportant un moteur 61ectrique Iin6air*e 
constitu6 d'un stator (34) et d'un coulisseau 
(38), caract^risd en ce que le coulisseau (38) 
comprend le pieu d enfoncer le sol. 

2. Dispositif selon la revendlcation 1 , carac- 
tdrisd en ce que le stator (34) comporte 
plusieurs enroulements (35) disposes coaxiale- 
ment, s6par6s par un mat^riau (36) d per- 
meability magnStique, et log6s dans un guide 
(37) pour le flux magn§tique. 

3. Dispositif selon la revendlcation 2, carac- 
t6ris6 en ce qu'il comporte une alimentation tri- 
phas6e (40) pour exciter les enroulenlents (35). 

4. Dispositif selon une des revendications 
pr6c6dentes, caract6ris6 en ce qu'll comporte 
des moyens (41, 42) pour d^tecter la vitesse du 
pieu (38) quand il passe, d travers le stator. 



5. Dispositif selon la revendicatlon 4, carac- 
t^ris^ en ce que les moyens d^tecteurs de 
vitesse comprennent plusieurs elements (41) 
rdguiidrement espac6s sur le pieu (38), de faqon 

5 d provoquer des variations locates dans la reluc- 
tance du pieu, et des moyens (42) pour ddtecter 
lesdits variations locales de la reluctance. 

6. Dispositif selon une des revendications 
prdc^dentes, caract6ris6 en ce qu'il comporte 

;o des moyens pour maintenir un intervalie 
r^gulier non nigligeable entre le stator (34) et 
le pieu (38). 

7. Dispositif selon la revendlcation 6, carac- 
\&r\s€ en ce qu'il est arrangd et adapts pour per- 
mettre Tentr^e de I'eau dans Tintervalle en vue 
du refroidissement. 

8. Dispositif selon la revendlcation 7 appli- 
qu6 d enfoncer des pleux en milieu sous-marin, 
caract6ris6 en ce qu'il comporte des moyens 

20 (31) pour connecter te dispositif d un navire ou 
d un chevaiement, le dispositif dtant adapts d 
permettre d i'eau dans tequel is est immergd 
d'entrer dans I'intervalte entre le stator (34) et 
le pieu (38) en vue du refroidissement. 

26 9- Dispositif selon une des revendications 
pr^cidentes, caract6ris6 en ce qu'il comporte 
des moyens (40) pour exciter le stator d une fre- 
quence relativement basse, de I'ordre de 40 ou 
moins. 
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